The pyrolysis of preceramic precursors has recently attracted considerable attention in manufacturing ceramics with tailored compositions (Si--C,[@b1] Si--O--C,[@b2] Si--C--N,[@b3] or Si--B--C--N[@b4]) and diverse morphologies (bulk materials[@b5], fibers[@b6][@b7], coatings[@b8], tubes[@b9], foams[@b10][@b11], and porous components[@b12][@b13]) because of the advantages of precursor molecules designed in combination with the shaping processes. Among the polymer-derived ceramics (PDCs), the ternary silicon--carbon--nitrogen (Si--C--N) system has been intensively investigated to generate amorphous or crystalline non-oxide Si--C--N ceramics due to its exceptionally high temperature resistance[@b14], oxidation resistance[@b15], and mechanical strength[@b16], therefore, it can be used even in some harsh chemical conditions, such as high temperature, extensive wear, and corrosive media.

For PDCs, the pyrolysis temperature significantly determines the nature of the resulting structures. At a temperature above 800°C, the ceramics with dense and low porous structures can be generated[@b17]. When a moderate pyrolysis temperature of 400--800°C was employed, the emission of volatile species of precursor resulted in porous structures in an organic--inorganic hybrid state. High specific surface area (SSA) makes them suitable for catalytic supporters, adsorption, and removal of pollutants[@b18][@b19][@b20] For example, the foamed creamers from preceramic precursors, fillers, and blow agent by pyrolysis at a moderate temperature of 600°C can be used as an alternative material for activated carbons in hydrocarbon adsorption[@b18].

Moreover, when the hybrid materials are required to achieve multifunctionality, the hierarchical porosity is often desirable. For example, the macro/micro-porous structure can effectively improve the catalysis, adsorption, or separation performance of microporous materials. In general, the macropore channels provide chemical and mechanical stability, low pressure drop, and high external mass transfer rate due to the interconnected pore structures[@b21]. However, the micro/meso-porous structures would achieve the functionality for a given application because of large surface area. Herein, extensive research efforts have been devoted to prepare porous materials with tailored hierarchical pore structures. By using polysiloxanes and platinic acid as precursors and polystyrene beads as templates, Adam et al.[@b22] obtained the hierarchically ordered macro/micro Si--C--O--(Pt) foamed ceramics with high specific surface and potential in adsorption and catalyst application.

Now, various dyes effluents obtained from paper, food, plastic, textile, and cosmetic fields pose a serious threat to the environment due to their deep coloration, low biodegradability, and carcinogenicity[@b23][@b24]. Disposal of dyes from wastewater has become a significant issue. The adsorption[@b25], biological treatment[@b26], chemical coagulation[@b27], and photocatalytic degradation[@b28] have been investigated for the removal of dyes from the solution. Adsorption has shown an effective and promising perspective because of its simplicity and flexibility in design and operation[@b29][@b30]. Numerous adsorbents have been employed for removal of common dyes[@b31], such as metal oxide microspheres[@b32], carbon-based materials[@b33], and graphenes[@b34]. These methods are unfavorable in practical application because of low absorption efficiency, long absorption time, and high costs. Polymer-derived Si--C--N materials possess many distinctive advantages, such as electrochemical properties and chemical inertness. However, insignificant attention has been paid to their potential application involving removal of dyes. Notably, the Si--C--N systems possess significant potential in the field of advanced ceramics. However, the Si--C--N systems have never been employed for the separation of pollutants from wastewater. This study provides a new perspective, that by a controlled pyrolysis, it was possible to produce high SSA Si--C--N hybrid materials, which exhibited excellent adsorption performance towards dye pollutants.

In this contribution, the hierarchically macro/micro-porous Si--C--N hybrid materials were prepared by pyrolysis of polysilazane (PSZ) at a low temperature using sacrificial fillers of polydivinylbenzene microspheres (PDVB) as schematically illustrated in [Figure 1](#f1){ref-type="fig"}. Interestingly, the porous hybrid material exhibited highly efficient and totally selective adsorption properties for triphenylmethane dyes. Thus, the Si--C--N hybrid material, which can be mass-produced at a low cost, possesses promising potential as a novel adsorbent for the separation of organic dyes illustrated in [Figure 2](#f2){ref-type="fig"} (methyl blue (MB), acid fuchsin (AF), basic fuchsin (BF), methyl violet (MV), malachite green (MG), methyl orange (MO), congro red (CR) and methyl red (MR)) from aqueous solution.

Results
=======

Pyrolysis Behavior of Polymeric Precursors
------------------------------------------

For the preparation of macro/micro-porous hybrid Si--C--N materials, the linear PSZ composed of vinyl groups and silicon hydrogen bonds (Si--H) was employed because it was one of the low-cost and general polymeric precursors for PDCs. The molecular structure of PSZ was characterized by [@b1]H NMR and gel permeation chromatography as presented in [Figures S1--2 in Supporting Information](#s1){ref-type="supplementary-material"}. Similar to the well-known HT-1800[@b35], the molar ratio of silicon hydrogen bonds and vinyl groups on PSZ mainchain is 4:1 with a *M~n~* of 800 g·mol^−1^.

[Figure 3](#f3){ref-type="fig"} shows the pyrolysis behaviors of P1 (pure PDVB sacrificial filler), P2 (NiCp~2~ containing polysilazane), and P3 (polysilazane with NiCp~2~ and sacrificial filler) under nitrogen by simultaneous TGA and DSC. From the TGA curves in [Figure 2a](#f2){ref-type="fig"}, the PDVB undergoes a dramatic thermolytic degradation in the temperature range from 430 to 500°C, in correspondence with a significant exothermic peak as presented in DSC curve ([Figure 3b](#f3){ref-type="fig"}). The weight loss is about 80% at 1,000°C, indicating that the cross-linked PDVB microspheres retain a few residues after pyrolysis. Subsequently, for the P2 (PSZ:NiCp~2~ = 1:0.04), a weight loss of 15% is observed within the temperature range from 450 to 800°C. Above 800°C, the TGA curve remains almost constant until 1,200°C. The sharp endothermic peak at around 170°C is related to the cross-linking reaction involving radical polymerization of vinyl groups and hydrosilylation between vinyl group and silicon hydrogen bond[@b36]. In terms of P3 (PSZ:PDVB:NiCp~2~ = 1:1:0.04), a remarkable weight loss is observed from 430 to 800°C, which is attributed to the decomposition of PDVB and chain scission of PSZ detected by simultaneous mass spectrometry.

[Figure 4](#f4){ref-type="fig"} shows the analysis of simultaneous TGA and mass spectrometry of P3. For the comparison, the analysis was also performed for P0 (native polysilazane), P1 (pure sacrificial filler) and P2 (NiCp~2~ containing polysilazane) as presented in [Figure S3](#s1){ref-type="supplementary-material"}. There exist two peaks for P3, i.e., peaks maximum at 430 and 600°C. According to the thermalgrams of P1 and P2, the first set of peaks for P3 are mainly corresponding to the decomposition products of PDVB (H~2~, m/z = 2, hydrocarbons CH~x~, x = 1--4, m/z = 14--16, NH~3~, m/z = 17, CH~x~CH~y~, m/z = 25, 26, and 28) as well as other oligomer fragments (m/z = 38--74). However, another group of peaks is mainly attributed to cleavage of PSZ (H~2~, m/z = 2, hydrocarbons CH~x~, x = 1--4, m/z = 132--16, NH~3~, m/z = 17, CH~x~CH~y~, m/z = 25, 26, and 28).

From the thermogram in [Figure S3c](#s1){ref-type="supplementary-material"} for P2, the evolution of CH~4~ or hydrocarbons in the temperature range of 400--900°C is ascribed to the decomposition of Si--CH~3~ groups and cleavage of C--C bonds. The H~2~ evolution is ascribed to the dehydrocoupling reaction of Si--H/Si--H or Si--H/--NH-- groups. Besides, the emission of NH~3~ is attributed to transamination reactions. Notably, for P2 and P3 containing NiCp~2~, the evolution of NH~3~ in correspondence with transamination reactions becomes weaker, even cannot be detected in comparison to the native PSZ in [Figure S3a](#s1){ref-type="supplementary-material"}. Thus, the incorporation of nickel reduced the production of NH~3~ from the transamination reactions and more elements are reserved, which is in agreement with the TGA curve shown in [Figure 3a](#f3){ref-type="fig"}.

Microstructures of Hybrid Materials
-----------------------------------

The powder XRD patterns for porous hybrid materials (PSZ:PDVB:NiCp~2~ = 1:1:0.04) pyrolyzed at different temperature are displayed in [Figure 5a](#f5){ref-type="fig"}. Pyrolysis at low temperature (600 and 750°C) leads to materials with complete amorphous structures. When the pyrolysis temperature is increased to 1,100°C, distinct crystalline peak is still not observed, indicating the good structural stability of porous Si--C--N materials. The broad diffraction peak at 2θ = 26° indicates the presence of numerous free carbons derived from the residues of PDVB and PSZ. A main feature of PDCs is the possibility to incorporate free carbon into the matrix, which is favorable for the structural stability against crystallization and high-temperature resistance to oxidation[@b37]. For example, Mera et al.[@b38] reported that the crystallization depended on the carbon content for different precursors, and the sample with the highest carbon content was less likely to form the β-SiC phase. Herein, it could be concluded that although the incorporation of Ni was helpful for the formation of crystalline phase, the presence of carbon could render the amorphous characteristic at higher temperatures[@b39]. Besides, the addition of nickel could catalyze the formation of conjugated carbons (C = C, sp^2^) similar to polyaromatic-like conjugated structure[@b36][@b40], which might be helpful for the interaction between the porous Si--C--N material and the organic dyes.

Raman spectrum is one of powerful tools to further characterize free carbons. For the carbons with low crystallinity, Raman spectra mainly consist of a strong "sp^3^-like"resonant contribution and sp^2^-like doublet[@b41]. From [Figure 5b](#f5){ref-type="fig"}, the C1 exhibits a broad peak at 1334 cm^−1^ as well as a sharp absorption peak at 1600 cm^−1^, corresponding to carbon vibration of the so called D and G band, respectively. The D band at 1334 cm^−1^ originates from sp^3^-bonded carbons, and the G band at 1600 cm^−1^ is attributed to the E~2g~ vibration mode of all the sp^2^ bonds of graphite[@b42]. Thus the Roman spectra clearly give a verification of sp^2^-bonded carbons in Si-C-N hybrid materials.

Composition of Hybrid Materials
-------------------------------

The detailed structure of porous Si--C--N hybrid material (PSZ:PDVB:NiCp~2~ = 1:2:0.04) pyrolyzed at 600°C was evaluated by XPS as presented in [Figure 6](#f6){ref-type="fig"} and the according atomic composition was listed in [Table 1](#t1){ref-type="table"}. Obviously, the material is mainly composed of silicon, carbon, nitrogen, and nickel elements, although the peak corresponding to Ni2p is not observed because of its lower content. The Si2p peak is deconvoluted into the C--Si--O, N--Si--N, N--Si--O, and Si--O~x~ peaks[@b43][@b44]. The C1s peak is decomposed into the C--Si, C = C, C--C, C--O--H, and C = O peaks[@b45][@b46][@b47], and the N1s peak is deconvoluted into the Si--N--C, Si--N~x~, and Si--N--O peaks[@b48]. The excess content of oxygen in the 5--10 nm surface of porous material measured by XPS is mainly due to the O~2~ absorption by powder sample before measurement. Simultaneously, a little oxygen might be obtained from the polysilazane precursors employed in the preparation.

Hierarchical Pores of Hybrid Materials
--------------------------------------

For the preparation of porous material by sacrifice filler template, the porous structure is in correspondence with the template size. Furthermore, the content of template material also has a considerable influence on the subsequent structures in terms of interconnectivity, porosity, and wall thickness. The pyrolyzed porous structures were obtained by PSZ precursors with varied percentage of PDVB. The pyrolysis temperature was maintained at 750°C. The SEM images in [Figure 7](#f7){ref-type="fig"} exhibit that the porous materials possess an expected regular morphology comprised of pores. It can be clearly seen that the isolated pores are distributed uniformly in matrix when the content of filler template is relatively low. When the content of microsphere fillers is increased, the distance between the isolated pores becomes smaller and the non-contact microspheres tend to come in contact with each other to form a highly porous component. Furthermore, when the content of microsphere fillers is increased to 200%, the interconnected cellular chunks are produced and the volume of voids in the matrix increases continuously.

When the content of PDVB was relatively low, the PSZ tended to form the continuous phase and the microspheres were separately dispersed in the matrix to form the morphology similar to sea--island structure, where the size of pores in matrix was mainly 1 μm similar to the sacrificial filler. However, with increased amount of PDVB, more and more PDVB microspheres acquired access to make a contact with each other to form a sea--sea structure. In this case, the voids between microspheres were filled by PSZ, and pyrolysis fragments of PSZ were dispersed uniformly to constitute the interconnected cellular structure. Therefore, the mass transfer resistance caused by micropores during the diffusion process could be significantly reduced by the presence of interconnected macropores.

It is well-known that the maximum pyrolysis temperature plays a critical role in determining the nature of the resultant PDCs, in particular, the SSA and pore size distribution[@b49]. In order to investigate the influence of pyrolysis temperature on microstructure of the materials, two types of samples under different pyrolysis condition were prepared to determine the specific surface area by N~2~ absorption--desorption measurement, i.e. C1 (PSZ:PDVB:NiCp~2~ = 1:2:0.04, 600°C) and C2 (PSZ:PDVB:NiCp~2~ = 1:2:0.04, 750°C). As shown in [Figure 8a](#f8){ref-type="fig"}, the adsorption--desorption curve of C1 demonstrates a steep increase at very low relative pressures, which is a typical characteristic of microporous material with type I isotherm. Subsequently, a slow increase in the adsorption amount occurs during the relative pressure range of 0.4--0.8, indicating the presence of a few mesopores. Thus, the adsorption can be considered as multilayer adsorption and capillary condensation in these mesopores by nitrogen molecules when P/P~0~ is below and above 0.4, respectively. The calculated BET surface area and pore volume for C1 are 251.6 m^2^·g^−1^ and 0.09 cm^3^·g^−1^, respectively.

On the contrary, for C2 pyrolyzed at 750°C, the nitrogen adsorption--desorption isotherm changes from type I to type II isotherm. As shown in [Figure 8b](#f8){ref-type="fig"}, almost no adsorption occurs at the low pressure range, indicating the disappearance of numerous micropores. With the increased P/P~0~, the amount of nitrogen adsorbed increases very slowly. Moreover, the adsorption--desorption curves coincide well and almost no hysteresis loop can be observed, implying the absence of mesopores. The calculated BET surface area for C2 reduces drastically to 3.2 m^2^·g^−1^ in comparison to C1. Moreover, for both C1 and C2, the adsorption capacity still increases when the relative pressure is above 0.8, indicating the presence of large pores produced by the pyrolysis of PDVB. According to the literature[@b50], the polymer to ceramic transformation, in general, occurs in the temperature range of 500--800°C accompanied by shrinkage and density increase. The TGA and mass spectrometry curve of precursor (PSZ:NiCp~2~ = 1:0.04) shown in [Figure 4](#f4){ref-type="fig"} displays that the ion current density reaches maximum at about 600°C confirmed by the decomposed organic moieties of the preceramic polymer (mainly CH~x~ and CH~x~CH~y~), which contributes to numerous micropores in the matrix. However, the build-up of porosity is transient because it can be eliminated at an elevated temperature to achieve the ceramization process[@b51]. The BET results in combination with those from SEM analyses clearly indicate the presence of hierarchical macro/micropore structures in Si--C--N material at a low pyrolysis temperature of 600°C. Herein, the C1 with high BET surface area was selected as the target material to investigate the adsorption performance for organic dyes.

Adsorption Kinetics
-------------------

From the viewpoint of adsorption kinetics, the adsorption is a heterogeneous process that involves physical, chemical, and electrostatic interactions. The adsorption rate of dyes depends on the contact time of the solid and liquid as well as on diffusion process. The temporal evolution of UV spectra for two dyes of MB and AF on C1 dyes is presented in [Figure 9](#f9){ref-type="fig"}, and the adsorption kinetic curves are presented in [Figure 10](#f10){ref-type="fig"}. The C1 exhibits an excellent adsorption performance for two dyes. In general, the removal efficiency of 83.5% and 70.1% can be achieved within the first 60 min for MB and AF, respectively, with the initial concentration of 200 mg·L^−1^. The adsorption removal of two dyes was rapid at the initial period (10 min) and then became slow with the increased contact time until equilibrium. The removal rate of pollutants is initially rapid, however, it gradually decreases with increased time until it reaches equilibrium. This phenomenon is ascribed to the fact that a large number of vacant adsorption sites on C1 are available at the initial adsorption stage, and after a lapse of time, the remaining vacant sites are difficult to occupy because of repulsive forces between the dye solute molecules on the solid and bulk phases[@b52].

To study the transient adsorption behavior of dyes, two common chemical reaction kinetic models, i.e., pseudo-first-order (PF) and pseudo-second-order (PS) kinetic models, were used to analyze the adsorption process. The linearized pseudo-first-order kinetic model is expressed as follows[@b53].

where *Q~e~* and *Q~t~* are the amounts of dye adsorbed (mg·g^−1^) at an equilibrium and time *t* (min), respectively. The *K~1~* is the rate constant of the pseudo-first-order kinetic model (1/min). The linear form of pseudo-second-order kinetic model is given by the following equation.

where *K*~2~ (g·mg^−1^ ·min^−1^) is the rate constant for the pseudo-second-order reaction. [Figure 10b](#f10){ref-type="fig"} shows the fitting data to the pseudo-second-order kinetic model. Accordingly, the kinetic parameters and the correlation coefficients *R^2^* are determined by nonlinear regression and are listed in [Table 2](#t2){ref-type="table"}. The value of *R^2^* clearly indicate that pseudo-second-order kinetic model achieves a better fitting of the experimental data for two dyes and the calculated *Q~e~* values (*Q~e,cal~*) are close to the experimental values (*Q~e,exp~*). Therefore, the pseudo-first-second kinetic model is more appropriate to characterize the adsorption behaviors of two dyes onto C1 compared to the pseudo-first-order model (see [Figure S4](#s1){ref-type="supplementary-material"}) and the adsorption rate depends on the amount of solute at equilibrium[@b54].

To obtain a deep understanding on the characteristics of the adsorption process, the pore-diffusion (intraparticle diffusion) model presented by Webber was also applied to fit the experimental data[@b55]. The intraparticle diffusion model can be expressed by the following equation.

where *K~t~* is the intraparticle diffusion rate constant (g·mg^−1^·min^0.5^) and *C* is a constant providing the information about the thickness of the boundary layer. In [Figure 11](#f11){ref-type="fig"}, the plots of *Q~t~* vs. *t^1/2^* show at least two linear segments in correspondence with different stages in adsorption. For two linear plots, the *Q~t~* vs. *t^1/2^* have intercept value far from zero, which indicates that intraparticle diffusion is not the rate-controlling step of the adsorption process and the external mass transfer may be significant in the rate-controlling step. The first segment is attributed to the outer diffusion due to the mass transfer from the dye solution to the outer surface of the adsorbent (film diffusion or boundary layer diffusion). The second portion indicates a steady adsorption step, corresponding to the diffusion of adsorbate from the adsorbent exterior to the pores or capillaries of the adsorbent internal structure (inner diffusion)[@b56]. Thus, the presence of multilinearity and the boundary layer thickness indicate that the adsorption of two dyes on C1 is a complex process and both the surface adsorption and intraparticle diffusion occur during the adsorption process[@b57].

Adsorption Isotherm
-------------------

[Figure 12a](#f12){ref-type="fig"} shows the adsorption isotherms of the two dyes on C1 at 25°C. The results reveal that the porous material exhibits excellent adsorption ability toward two dyes. For example, the removal percentage can be as high as 99.2% and 97.2% when the initial concentrations were 300 mg L^−1^ for MB and 200 mg·L^−1^ for AF, respectively. In the low concentration range, the equilibrium adsorption capacities for all the dyes increase linearly with the increased initial concentrations. However, the linear growth of the adsorption capacities is retarded at higher initial concentrations because numerous dye molecules found difficulty in accessing vacant sites of the adsorbent, most of which have been occupied. The isotherms are all L-type, which reveals that the porous material has high affinity toward these dyes.

The Langmuir and Freundlich isotherm models were adopted to fit the isotherm data and the fitting parameters are listed in [Table 3](#t3){ref-type="table"}. The Langmuir model is based on the assumption that the adsorption process is a monolayer adsorption on a homogeneous adsorbent surface[@b58]. These binding sites are finite and have the same affinity for adsorbate. Besides, there is no interaction between adsorbed molecules. The linearized Langmuir equation is expressed as follows.

where *C~e~* (mg·L^−1^) is the equilibrium dye concentration in liquid phase, *Q~e~* (mg·g^−1^) is the equilibrium adsorption capacity, *Q~m~* (mg·g^−1^) is maximum adsorption capacity, and *K~L~* (L·mg^−1^) is the affinity parameter. The fitting experimental data of Langmuir isotherm model are shown in [Figure 12b](#f12){ref-type="fig"} indicating that the fitting results give high linearity with correlation coefficient of 0.99975 for MB and 0.99984 for AF. Moreover, it suggests that the adsorption of two dyes on C1 is monolayer in nature and the surface is homogeneous. The calculated maximum adsorption capacity according to Langmuir isotherm model is 1327.7 mg·g^−1^ for MB and 1084.5 mg·g^−1^ for AF. The adsorption capacity of two dyes onto C1 is much higher than that of many other adsorbents, such as magnetic chitosan grafted with graphene oxide and organo-bentonite (compared to adsorption for MB), modified cellulose and carbon nanotube-graphene hybrid aerogel (compared to adsorption for AF). The values indicating the comparison of adsorption capacities for MB and AF onto various adsorbents are listed in [Table 4](#t4){ref-type="table"}. Although the adsorption capacity for MB is not so high compared to barium phosphate nano-flake and β-cyclodextrin chitosan nanoparticles; the facile preparation process, good recyclability, and low cost of Si--C--N hybrid materials are more favorable in wastewater treatment[@b59][@b60][@b61][@b62][@b63][@b64][@b65][@b66].

In contrast, the Freundlich isotherm model is, in general, used to describe the adsorption on a heterogeneous surface with interaction between adsorbed molecules and is not restricted to the formation of a monolayer[@b67]. The linearized expression of this model is given by [equation (7)](#m7){ref-type="disp-formula"}.

where *Q~e~* is the amount of dye adsorbed per gram of adsorbent (mg·g^−1^), *C~e~* is the equilibrium dye concentration in solution (mg·L^−1^), *K~F~* ((mg/g)·(L/mg)^−1^) is the Freundlich constant, and 1/n is the heterogeneity factor. The fitting plots of Freundlich isotherm model for the absorption of dyes on C1 are shown in [Figure S5](#s1){ref-type="supplementary-material"}. The Freundlich model fails to describe the experimental data, which indicates the presence of homogeneous adsorption sites on the porous Si--C--N hybrid material.

Besides, the thermodynamic parameters were calculated to predict the process of adsorption by free energy of adsorption (Δ*G^0^*), which is expressed as follows[@b68].

where *K~0~* is the equilibrium constant at a certain temperature, and R is the gas constant. For an adsorption reaction, *K~0~* is defined as follows.

where *a~s~* is the activity of adsorbed dye, *a~e~* is the activity of dye in solution at equilibrium, *Q~e~* is the amount of dye adsorbed by per unit mass of adsorbent (mg·g^−1^), *v~s~* is the activity coefficient of the adsorbed dye, and *v~e~* is the activity coefficient of dye in solution. The concentration of dye in the solution decreases and reaches zero; therefore, *K~0~* can be obtained by plotting *L~n~*(*Q~e~*/*C~e~*) *vs*. *Q~e~* and extrapolating *Q~e~* to zero, as shown in [Figure 13](#f13){ref-type="fig"}. The value of R^2^ obtained from a linear regression analysis is 0.90267 and 0.86085 for MB and AF, respectively. The value of *K~0~* from the straight line intercept with the vertical axis is 6.09 for MB and 5.32 for AF. Accordingly, the Δ*G^0^* values are −4.48 kJ·mol^−1^ for MB and −4.14 kJ·mol^−1^ for AF. It confirms that the adsorption of dyes onto C1 is spontaneous and thermodynamically favorable.

Selective adsorption, regeneration and recycling properties
-----------------------------------------------------------

The selective adsorption experiments were performed on several other dyes with different molecular structures as presented in [Figure 14](#f14){ref-type="fig"} and [Figure 15](#f15){ref-type="fig"}. The results exhibit that the porous Si--C--N hybrid material also shows totally selective adsorption property, i.e. high adsorption capacity for MG, MV and BF and no adsorption for MO, MR and CR. It seems to be that all dyes with bulky triphenyl structure can be absorbed by C1, however, the dyes with azo benzene (MO, MR, CR) cannot be absorbed. The repeatability is also important for an adsorbent for its feasible and practical application. The hybrid material could be easily regenerated by sintering because of its resistance to high temperature. In this study, MB was used as the model dye to investigate the recyclability of porous Si--C--N hybrid material. [Figure 16](#f16){ref-type="fig"} shows the removal percentages of MB in five recycle runs using regenerated C1. It was observed that the removal efficiency was 96.94 and 96.11% in the first two runs and decreased slightly to 94.33% and 93.56% in the fourth and fifth runs, respectively. The good repeatability was attributed to the stability of sp^2^ hybridized carbons as well as good structural stability of amorphous Si-C-N framework at the temperature below 600°C, which ensured enough adsorption sites for five recycling process to treat the low concentration dye solution (C~0~ = 200 mg·L^−1^). Moreover, [Figure S6](#s1){ref-type="supplementary-material"} shows the XPS analysis performed on the sample C1 recycled after five runs (C1-five). Compared to the original C1, the surface elemental composition of C1-five underwent some modifications. The results of the calculations revealed that the relative content of silicon and nitrogen decreased, however the relative content of carbon and oxygen increased dramatically compared to the composition of C1. However, the adsorption efficiency did not change significantly, indicating the good adsorption properties. Therefore, it was expected that this material was promising in the practical application of adsorption of dyes from wastewater.

Discussion
==========

First, we conclude that the porous Si--C--N hybrid material selectively adsorb the dyes with triphenyl structure because of the Van der Waals force between the sp^2^-hybridized carbon domain in adsorbent (proved by Raman spectrum and FTIR) and the triphenyl structure of dyes. Herein, the semiemperical quantumchemical method AM1 (Austin Model \#1) was adopted to determine Van der Waals forces between sp^2^-hybridized carbon domains in Si--C--N hybrid material and dyes although it seems rough for the quantitative canculation[@b69]. According to the results of AM1 modeling in [Figure 17](#f17){ref-type="fig"} and [Figure S7](#s1){ref-type="supplementary-material"}, the atomic distance between sp^2^ carbon clusters of porous Si--C--N hybrid material and MB is between 3.84 to 4.49Å, which is within the typical range of Van der Waals distance (3--4Å). However for MO, the atomic distance between carbon clusters and AF is between 5.50--5.87Å, which is beyond the typical range of Van der Waals distance. So, it is believed that the adsorption sites on porous Si--C--N hybrid material may be related to the presence of sp^2^carbons that are proved by Raman spectra in [Figure 5b](#f5){ref-type="fig"}. Thus, the Van der Waals forces between carbon atoms (sp^2^) in porous hybrid material and the triphenyl structure of dyes may be the main driving force for the adsorption of MB, AF, MG, MV, or BF. On the other hand, the electrostatic interaction between the Si-NH-Si sites in porous Si--C--N hybrid material and amino groups in dyes should also be considered. The presence of -NH, -NH~2~, N^+^ in MB, NH and NH~2~ in AF, MG and MV, is beneficial to the electrostatic interaction to Si--C--N hybrid material. While the presence of electron-donating groups, such as -N = N- in MO, MR, CR, is hindered to the electrostatic interaction to Si--C--N hybrid material as illustrated in [Figure 17](#f17){ref-type="fig"}.

The FTIR spectroscopy and XPS analyses were performed to gain insights into the adsorption mechanism. The analyses of FTIR spectra of C1, MB/AF, and MB/AF adsorbed C1 (MB-C1/AF-C1) are presented in [Figure S8](#s1){ref-type="supplementary-material"}. For C1, the symmetric deformation vibration corresponding to Si--CH~3~ at 1268 cm^−1^ is still present. Similarly, the peak at 2924 cm^−1^ related to the C--H asymmetric stretching vibrations (C (sp^3^) --H band) is faintly visible, indicating the presence of saturated groups. An intense and broad peak at 3440 cm^−1^ indicates the retention of N--H bond which is consistent with the mass spectrometry analysis. Importantly, the broad peaks at 1624 and 1404 cm^−1^ are ascribed to the conjugated bands of free carbons (C = C, sp^2^), which is indicative of a polyaromatic-like conjugation structure. Besides, the intense peak at 1032 cm^−1^ is attributed to amorphous Si--NH--Si phase, which is also important for the adsorption of dyes. After absorption of MB on C1 (C1-MB), the characteristic peaks of MB, such as the ring stretch at 1577 cm^−1^ and three peaks at 1122, 1037, and 616 cm^−1^ corresponding to sulfonate groups, are recorded in the spectrum of the adsorptive adduct, indicating that MB has been anchored to the surface of C1. In the case of AF adsorbed C1 (C1-AF), the characteristic peaks of AF, such as the peaks at 1625 and 1584 cm^−1^, respectively, related to NH~2~ and aromatic rings of AF and the two peaks at 1037 and 629 cm^−1^ derived from sulfonate groups of AF, are recorded in the spectrum of the adsorptive adduct, which indicates that AF has been attached to the surface of C1. There are no other new peaks observed for C1-MB and C1-AF, thus, indicating that it is a physical adsorption. [Figure 18](#f18){ref-type="fig"} shows the nitrogen adsorption isotherms, demonstrating that the specific surface area of the porous material dramatically reduces to 3.88 m^2^·g^−1^ and 2.19 m^2^·g^−1^ for C1-MB and C1-AF, respectively, which indicates that most micropores have been filled with MB and AF molecules after the adsorption. [Figure S9](#s1){ref-type="supplementary-material"} exhibits that the carbon content of C1-MB and C1-AF increase significantly compared to C1 after adsorption, indicating the adsorption of a large number of dye molecules (MB and AF) on C1.

Especially, the MAS Solid-state NMR was employed to give an experimental evidence for the adsorption mechanism. From the ^13^C NMR spectra ([Figure 19a](#f19){ref-type="fig"}), there is an intense peak in the range of 120-150 ppm for C1, which is assigned to sp^2^-hybridized carbon atoms of Si-C-N materials[@b71][@b70]. In addition, the peak at δ 1 ppm is ascribed to sp^3^-hybridized carbon atoms. For the pure MB, in addition to the broad signal in the range of δ 77--160 ppm assigned to the carbon atoms on the aromatic rings, a small peak at δ 178 ppm may be due to the carbonyl groups caused by air environment. For the C1 after adsorption of MB (C1-MB), the peak of sp^2^-hybridized carbon atoms at δ 120--150 ppm is significantly higher than that of sp^3^-hybridized carbon atoms at δ 1 ppm, indicating that numerous MB molecules have been adsorbed to the surface of porous C1. In order to have a clear study on the interaction of sp2-hybridized carbons between C1 and MB, the sp^2^-hybridization carbon atoms peaks of three samples were fitted using Gaussian peaks as shown in [Figure 19b](#f19){ref-type="fig"}. Compared with pure C1 and MB, although no obvious chemical shift in the range of 120--150 ppm changes can be observed for C1-MB, the peak at δ 153.5 ppm derived from the central carbon atoms attached to triphenyl structure of MB was disappeared. It demonstrates that the chemical environmental of the carbon atoms attached to triphenyl structure of MB is changed because of the stack of MB molecules on surface of porous C1. Therefore, the chemical shift those carbons atoms changes towards high-field after adsorption. So the FTIR, XPS and MAS Solid-state NMR measurements mentioned above demonstrate that Van der Waals force between sp^2^-hybridized carbon atoms and electrostatic interaction might be the main reason for the highly effective and totally selective adsorption functionality of Si--C--N hybrid materials.

Conclusions
===========

The hierarchically porous Si--C--N hybrid material was prepared by the pyrolysis of polysilazane precursor using PDVB microspheres as sacrificial templates at a lower temperature. The porous Si--C--N hybrid material with high specific surface and interconnected macropores exhibited excellent removal capability for dyes with triphenyl structures due to the Van der Waals force between sp2-hybridized carbon domains or clusters in porous material and triphenyl structure of dyes. Besides, the hybrid material possessed the selective absorption nature toward dyes with triphenyl structure compared to those dyes with azo benzene structures. Langmuir isotherm model showed a better fit with adsorption data than Freundlich isotherm model and the calculated adsorption capacity were 1327.7 mg·g^−1^ for MB and 1084.5 mg·g^−1^ for AF. The adsorption capacity was much higher than that of several other reported adsorbents, such as magnetic chitosan grafted with graphene oxide and organo-bentonite (compared to adsorption for MB), modified cellulose, and carbon nanotube-graphene hybrid aerogel (compared to adsorption for AF). This hierarchically macro/micro hybrid Si--C--N material obtained by a facile and low cost pyrolysis of commercial polymeric precursors exhibited a significant potential in removing organic pollutants from wastewater.

Methods
=======

Materials
---------

The PSZ (The Institute of Chemistry, Chinese Academy of Sciences) was used as-received without further purification. The molar ratio of vinyl groups and silicon hydrogen bonds in main chains was 1:4 according to the NMR integral. Nickelocene (NiCp~2~) was purchased from Strem Chemicals (China). Anhydrous tetrahydrofuran (THF) was freshly distilled under reflux using sodium/benzophenone prior to its use. PDVB microspheres of nominal size 1--1.5 μm were synthesized according to the method reported in the literature[@b72]. All the dyes (MB, AF, BF, MV, MG, MO, CR and MR) were supplied by Kermel Chemical Reagent Co., Ltd. (Tianjin, China).

Preparation of Hybrid Materials
-------------------------------

The PSZ, PDVB microspheres, and NiCp~2~were mixed by standard Schlenk techniques because PSZ was relatively sensitive to moisture and oxygen. PSZ (2 g), PDVB (0.6 g), and NiCp~2~(0.08 g) were dissolved in anhydrous THF (20 mL). The solution was stirred at room temperature for one day to obtain homogeneous suspension. Hybrid materials with different compositions were prepared by varying the ratio of PSZ, PDVB, and NiCp~2~(1:0.3:0.04, 1:0.5:0.04, 1:1:0.04, 1:2:0.04). Subsequently, the solvent was evaporated under high vacuum using liquid nitrogen trap to make the precursors available as dry powder. Then, the as-prepared dry green powders were transferred into the vertical tube furnace (GSL-1700X, Kejing New Mater. Ltd., China) for cross-linking and pyrolysis under argon atmosphere. Three pyrolysis profiles were developed as follows: first, the precursors were heated to 170°C for cross-linking (holding time: 1 h), pyrolyzed at 600°C for 4 h, and then cooled down to ambient temperature. Second, the precursors were heated from room temperature to 170°C for cross-linking (holding time: 1 h), decomposed at 550°C for 2 h, pyrolyzed at 750°C for 4 h, and then cooled down to ambient temperature. Third, the precursors were heated from room temperature to 170°C for cross-linking (holding time: 1 h), decomposed at 550°C for 2 h, pyrolzed at 1100°C for 4 h, and then cooled down to ambient temperature. The heating and cooling rates for all the experiments were 5 K min^−1^.

Characterization
----------------

The pyrolysis process of precursors was investigated by thermogravimetric (TGA) and differential scanning calorimetry (DSC) analyses by a simultaneous thermoanalyzer STA 449 F3 coupled with a quadrupole mass spectrometer QMS 403 C Aëolos (Netzsch GmbH & Co., Selb, Germany) with a heating rate of 10 K min^−1^ under argon atmosphere (a gas flow of 50 mL min^−1^) in a temperature range between 40 and 1,300°C. Fourier Transform Infrared Spectroscopy (FTIR) was recorded on a Nicolet ISTO spectrometer (Varian, Palo Alto, California, USA) over a range from 4,000 to 400 cm^−1^. Raman spectroscopy study was carried out using a Raman Microprobe Instrument (Renishaw, UK) with 514.5 nm Ar+ laser excitation. The MAS Solid-state NMR measurement was performed on a NMR spectrometer (Bruker Anance III-400, Germany). The resonance for ^13^C was 79.46. All spectra were acquired using magic angle spinning (MAS 54.74) technique with a rotation frequency of 6 kHz for ^13^C. All samples were measured with a crosspolarization sequence (CP). The recycle delay used was 3 s for ^13^C and the acquisition time was 42.3 ms for ^13^C. The adamantine was used as chemical reference for ^13^C NMR (38.5 ppm from tetra-methylsilane). Powder X-ray diffraction (XRD) measurements were conducted on X′Pert Pro Powder diffractometer (Cu Kα radiation, 40 kV, 40 mA) (PANalytical B.V., Netherlands) using crushed ceramic powders. The X'Celerator scientific RTMS detection unit was used for detection. X-ray photoelectron spectroscopy (XPS) core level spectra were measured using a monochromatic Al K R X-ray source. The analyzer was operated at 23.5 eV pass energy and the analyzed area was 800 μm in diameter. Binding energies were referenced to the adventitious hydrocarbon C1s line at 285.0 eV and the curve fitting of the XPS spectra was performed using the least-squares method. The analysis by scanning electron microscopy (SEM) was performed by a VEGA3 XMH instrument (Tescan Co., Czech Republic). The samples were measured before sputtering a thin layer (1--2 nm) of gold. Pore volume and surface area analysis of the selected porous materials were carried out according to Brunauer--Emmett--Teller (BET) method by nitrogen adsorption--desorption isotherm analysis at −195.8°C (77.35 K, TriStar II 3020, Micromeritics Instrument Co., USA). The powdered samples were degassed at 150°C for 24 h prior to measurement. Specific surface area was calculated using the BET equation. Pore size distributions were derived from the desorption branch of the isotherms using Barrett--Joyner--Halenda (BJH) method.

Dye Adsorption Behavior
-----------------------

The batch mode adsorption was carried out to study the adsorption kinetics and adsorption capacities for dyes, including MB and AF. Dye concentration was determined by measuring at maximum UV absorbance (λ~max~ = 590 nm for MB, λ~max~ = 545 nm for AF). The calibration curves were plotted between absorbance and concentration of dyes to obtain the absorbance-concentration profile based on Beer--Lambert\'s law (see [Table S1--S2 and Figure S10 in Supporting Information](#s1){ref-type="supplementary-material"}). For the kinetic study, solid adsorbent (20 mg) was dispersed in solution (30 mL) with the initial concentration of 200 mg·L^−1^ for MB and AF, respectively. The mixture was continuously allowed to stir in the magnetic stirrer with a speed of 300 rpm at a constant temperature of 25°C. At different time intervals, around 3 mL of suspension was extracted and centrifuged at 4,000 rpm for 5 min for subsequent analysis. For the equilibrium experiment, solid adsorbent (5 mg) was dispersed in dye solution (10 mL) with a certain initial concentration in the range of 300--1200 mg·L^−1^ for MB and 200--900 mg·L^−1^ for AF, respectively. The mixture was allowed to stir continuously for 24 h at ambient temperature until the equilibrium was reached. All the adsorption experiments were conducted twice, and only the mean values were reported. The maximum deviation for the duplicates was usually less than 5%. The dye concentration in the clear supernatant was determined by a XinMao Ultraviolet--Visible (UV--Vis) spectrophotometer (UV-7504 PC). Besides, the dye solution with high concentration was measured by dilution. The adsorption percentage R (%) and the adsorption capacity Q~e~ (mg·g^−1^) were calculated by eqs 8 and 9, respectively.

where C~0~ (mg L^−1^) is the initial concentration, C~e~ (mg L^−1^) is the equilibrium concentration after adsorption. V (L) is the solution volume, and m (g) is the mass of the adsorbent. The molecular structures and characteristic properties of representative dyes investigated are shown in [Figure 2](#f2){ref-type="fig"} and listed in [Table S3](#s1){ref-type="supplementary-material"}, respectively.

The Regeneration and Recycling
------------------------------

The recyclability of porous Si--C--N hybrid material was investigated by performing repeated adsorption and regeneration using MB as the model dye. During the adsorption step, porous Si--C--N material (20 mg) was added into MB aqueous solution (40 mL) with an initial concentration of 100 mg·L^−1^. The suspension was stirred at 300 rpm for 24 h, and then the solid was separated via centrifugation and freeze-dried overnight. The absorbance in the supernatant was determined by UV spectrophotometer. Subsequently, the dried powder was sintered at 400°C for 2 h in vertical tube furnace under nitrogen atmosphere to remove the dye. Notably, there was a loss of about 20% porous material after sintering which was attributed to the mass loss caused by centrifugation. To eliminate the effect of mass loss, a few parallel batches of adsorption/regeneration were conducted at the same time and under the same conditions. After each run, the regenerated porous material from these parallel batches was combined, and the same amount of adsorbent was extracted from this mixture for the next run.
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![Schematic illustration of preparation of hierarchically porous silicon--carbon--nitrogen hybrid materials from a pyrolysis of polysilazane and nickelocene by using polydivinylbenzene (PDVB) microspheres.](srep07910-f1){#f1}

![The molecular structures of representative dyes, i.e. methyl blue (MB), acid fuchsin (AF), malachite green (MG), methyl violet (MV), methyl red (MR), methyl orange (MO), and congo red (CR).](srep07910-f2){#f2}

![Thermograms of P1 (pure sacrificial filler), P2 (NiCp~2~ containing polysilazane), and P3 (polysilazane containing NiCp~2~ and sacrificial filler) obtained from simultaneous analysis by TGA/DSC under an argon atmosphere at a scanning rate of 10 K min^−1^, (a) TGA curves, (b) DSC curves.](srep07910-f3){#f3}

![The simultaneous TGA and mass spectrometry of P3 (PSZ:PDVB:NiCp~2~ = 1:1:4).](srep07910-f4){#f4}

![(a) Powder XRD patterns of the Si--C--N porous materials obtained from P3 (PSZ:PDVB:NiCp~2~ = 1:1:4) at 600, 750, and 1100°C, (b) Raman spectrum of Si--C--N porous materials obtained from P1 (PSZ:PDVB:NiCp~2~ = :2:0.04) pyrolyzed at 600°C.](srep07910-f5){#f5}

![XPS spectra of porous Si--C--N hybrid material from precursor (PSZ:PDVB:NiCp~2~ = 1:2:0.04) pyrolyzed at 600°C (C1).](srep07910-f6){#f6}

![SEM images of Si--C--N porous materials from precursors with a PSZ:PDVB:NiCp~2~ of (a) 1:0.3:0.04, (b) 1:0.5:0.04, (c) 1:1:0.04, (d) 1:2:0.04.](srep07910-f7){#f7}

![Nitrogen adsorption--desorption isotherms and the corresponding pore size distribution (PSD) calculated using adsorption branch of the BJH algorithm for (a) C1 and (b) C2.](srep07910-f8){#f8}

![The temporal evolution of UV spectral of two dye solution in the presence of Si--C--N porous material (a) MB (b) AF.](srep07910-f9){#f9}

![(a) Adsorption kinetics curves and (b) pseudo-second-order kinetic plots for the adsorption of two dyes on C1 (initial concentration: 200 mg L^−1^ for MB and AF, dosage of C1: 666 mg L^−1^).](srep07910-f10){#f10}

![Pore-diffusion model plots for the adsorption of MB and AF on C1.](srep07910-f11){#f11}

![(a) Adsorption isotherms of two dyes on C1 and (b) Fitting plots of Langmuir isotherm models for two dyes on C1.](srep07910-f12){#f12}

![Plots of Ln(Q~e~/C~e~) vs. Q~e~ for the calculation of thermodynamic parameters.](srep07910-f13){#f13}

![Adsorption behaviors of C1 for different dyes (a) basic fuchsin, (b) methyl violet, (c) malachite green, (d) methyl orange, (e) congo red, and (f) methyl red.](srep07910-f14){#f14}

![Schematic illustration of the dyes selective adsorption of Si--C--N porous materials.](srep07910-f15){#f15}

![Removal percentages of MB in five recycle runs using regenerated C1 (initial concentration: 200 mg·L^−1^).](srep07910-f16){#f16}

![The suggested selective adsorption mechanism, (a) the interaction between sp^2^ carbon domain and triphenyl structure of MB, (b) the interaction between sp^2^carbon domain and azo-benzene ring structure of MO calculated according to AM1, (c) suggested selective adsorption mechanism of dyes for porous Si--C--N hybrid material.](srep07910-f17){#f17}

![Nitrogen adsorption--desorption isotherms of (a) C1-MB and (b) C1-AF.](srep07910-f18){#f18}

![The MAS Solid-state ^13^C NMR spectra of MB, C1 and C1-MB (a), and the sp^2^-hybridization carbon atoms peaks fitted using Gaussian peaks (b).](srep07910-f19){#f19}

###### The binding energy of different bonds of Si--C--N porous material pyrolyzed at 600°C (C1)

     Si2p[@b43][@b44]       C1s[@b45][@b46][@b47]      N1s[@b48]                              
  --------------------- -------------------------- -------------- ------------- ------------- -------------
  Si-Si                            99.1                 C-Si       281.8-283.2     Si-N--C        396.9
  Si-C                            100.5                C = C          284.5       Si--N--Si       398.0
  C--Si--O                        101.8                 C-C           285.5       Si--N--O        399.2
  N--Si--N                        102.9               C--O--H         286.6       \-\-\-\--     \-\-\-\--
  N--Si--O                        104.1                C = O          288.1      \-\-\-\-\--   \-\-\-\-\--

###### The fitting results of the pseudo-first-order and pseudo-second-order kinetic models to the experimental data

                    2nd-order kinetic model t/Q~t~ = 1/(K~2~Q~e~^2^) + t/Q~e~    1st-order kinetic model log(Q~e~−Q~t~) = log(Q~e~)−(k~1/~2.303)t                              
  ---- ---------- ------------------------------------------------------------ ------------------------------------------------------------------- --------- --------- ------- ---------
  MB    291.8391                            292.3976                                                          3.304                                 0.99987   80.978    4.030   0.68619
  AF    278.8342                             279.33                                                           1.121                                 0.99705   131.659   2.372   0.72439

^a^Initial concentration: 200 mg L^−1^ for MB and FA, dosage of porous adsorbent: 666 mg L^−1^.

###### Summary of the Langmuir and Freundlich isotherm model parameters for the adsorption of two dyes on porous Si--C--N hybrid material

                                    dye   
  ------------ ---------------- --------- ---------
  Langmuir      Q~m~(mg g^−1^)   1327.69   1084.45
                K~L~(L mg^−1^)   0.12089   0.08475
                     R^2^        0.99984   0.99975
  Freundlich      parameter        272       173
                      n           3.20      2.92
                     R^2^        0.89304   0.82843

###### The comparison of the maximum adsorption capacity of MB and AF on porous Si--C--N hybrid material with other adsorbents

  dye                     adsorbents                     adsorption capacity (mg g^−1^)      ref.
  ----- ----------------------------------------------- -------------------------------- ------------
  MB     magnetic chitosan grafted with graphene oxide                95.3                  [@b53]
                           Mn/MCM-41                                 131.6                  [@b54]
                       organo-bentonite                               98.2                  [@b55]
                  barium phosphate nano-flake                         1500                  [@b56]
                magnetic-cyclodextrin chitosan                        2780                  [@b57]
                porous Si--C--N hybrid material                      1327.7               this study
  AF                  modified cellulose                             105.7                  [@b58]
                       fixed-bed column                              181.82                 [@b59]
           carbon nanotube--graphene hybrid aerogels                  66.4                  [@b60]
                porous Si--C--N hybrid material                      1084.5               this work

[^1]: These authors contributed equally to this work.
